Abstract. microRNAs have been shown to be stable and detectable in circulating blood, and circulating microRNAs are specifically expressed in numerous diseases. However, to date, the association between microRNAs and osteonecrosis of the femoral head (ONFH) has remained elusive. It was hypothesized that specific microRNAs in the serum of ONFH patients may participate in the pathogenesis of ONFH. In the present study, therefore, the ONFH-specific serum microRNAs were screened using deep sequencing technology. Peripheral blood serum was collected from three steroid-induced ONFH patients with systemic lupus erythematosus (SLE), three SLE controls and three healthy controls, respectively. Total RNA was extracted from the serum and a microRNA cDNA library was built. High-throughput sequencing was then used to sequence the serum microRNAs of the samples and screen differentially expressed serum microRNAs in patients with steroid-induced ONFH. 27 differentially expressed microRNAs from ONFH serum were selected; of these, 15 microRNAs were over-expressed and 12 were under-expressed compared with SLE controls and healthy controls. The present study showed that abnormally expressed microRNAs existed in the serum of ONFH patients and therefore have the potential to be diagnostic markers.
Introduction
A previous study indicated that osteonecrosis of the femoral head (ONFH) may be associated with injury of endothelial cells, abnormal differentiation of stem cells, osteocyte apoptosis and hypercoagulation (1) , while microRNAs were shown to participate in the regulation of these process (2, 3) , suggesting that microRNAs may be involved in the onset and progression of ONFH. Therefore, circulating microRNAs provide a novel approach for the early diagnosis of the disease.
Different types of cells have characteristic microRNA expression profiles, and changes in expression are associated with physiological development (1) and disease progression (3) . The different expressions of microRNA may not only be the foundation of its function, but also be used as diagnostic markers, which has been demonstrated in oncological studies (4) (5) (6) .
Circulating microRNAs (miRs) are stable and detectable, and can be purified and quantified in serum samples. For instance, miR-221 is abnormally expressed in malignant melanoma (MM) cells. The serum levels of miR-221 were found to be significantly higher in patients with stage I-IV MM compared to those with MM in situ, and were correlated with tumor thickness (7) . MicroRNA-21 levels were elevated in the serum of patients with breast cancer (8) , and a study on microRNA in the serum of patients with lung cancer had similar results (9) . These results indicated that microRNAs may be potential diagnostic markers of cancer. The role of circulating microRNAs in the diagnosis of other diseases has also been studied. Wang et al (10) found the serum levels of microRNA-208a increased in patients with acute myocardial infarction, and this change was specific. Similarly, another study found that miR423-5p was specifically enriched in the blood of patients with heart failure and further analysis demonstrated that miR423-5p was a diagnostic predictor of heart failure (11) . Levels of vascular-specific microRNAs such as miR-126 were found to be decreased in serum of patients with stable coronary heart disease (12) . In general, circulating microRNAs showed great potential as diagnostic markers for tumor and circulatory diseases. However, to the best of our knowledge, the use of circulating microRNA for diagnosis of ONFH has not yet been reported to date.
In the present study, microRNAs were purified from the serum of patients with steroid-induced ONFH and controls. High-throughput sequencing was then performed to screen the differentially expressed microRNAs from the serum of patients with steroid-induced ONFH.
Materials and methods
Serum collection. Blood samples were obtained from three patients with ONFH secondary to hormone application for the treatment of systemic lupus erythematosus (SLE), three matched controls with SLE and similar hormone application history but no ONFH, and three healthy controls. The present study was approved by the ethics committee of Peking Union Medical College Hospital (Beijing, China). All donors provided written informed consent and the local institutional review board approved the study. Serum was separated from the sample within 1 h after blood was derived and then stored at -80˚C.
Extraction of RNA. An MiRNeasy Mini kit (217004; Qiagen, Hilden, Germany) was used to extract the total RNA from the serum. Total RNA was dissolved in 300 µl elution buffer (19086; Qiagen), and checked by a Nanodrop 2000 (Thermo Fisher Scientific, Waltham, MA, USA). The total RNA was concentrated following centrifugation.
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Fo r p r e p a r a t ion of t h e Tr i s -b o r a t e E D TA ( T B E ) -U r e a PAG E run (Invitrogen Life Technologies, Carlsbad, CA, USA), 2 µl SRA ladder (Illumina, Inc., San Diego, CA, USA) was mixed with 2 µl SRA gel loading dye (Illumin, Inc.) in a sterile, RNase-free 200-µl PCR tube (Extra Gene, Inc., Taichung City, Taiwan). 10 µl total RNA was mixed with 10 µl SRA gel loading dye in a sterile RNase-free 200-µl PCR tube. The sample and ladder tubes were heated at 65˚C for 5 min on a thermal cycler (S1000; Bio-Rad Laboratories, Inc., Hercules, CA, USA) and then placed on ice. The samples were centrifuged (5417R; Eppenderf, Hamburg, Germany) at 18,000 x g for 10 sec at room temperature to collect the entire column of the tube. Both the entire SRA ladder and the sample RNA were loaded on the same gel with several lanes between them. The gel was run at 200 V for 1 h. The bottom of a sterile, nuclease-free, 0.5-ml microcentrifuge tube (Extra Gene, Inc.) was punctured 4-5 times with a 21-gauge needle (Sigma-Aldrich, St. Louis, MO, USA). The 0.5-ml microcentrifuge tube was placed into a sterile, round-bottom, nuclease-free, 2-ml microcentrifuge tube (Extra Gene, Inc.). The cassette was pried apart and the gel was stained with TBE/ethidium bromide (Life Technologies, Waltham, MA, USA) in a clean container for 2 min. The gel was viewed on a Dark Reader transilluminator (Clare Chemical Research, Dolores, CO, USA). The SRA ladder ranged from 20-100 bases in 10-base increments. Using a clean scalpel (Swann-Morton, Sheffield, UK), a band of the gel corresponding to the 18-30 nucleotide bands in the marker lane were excised and placed into the 0.5-ml microcentrifuge tube punctured with a 21-gauge needle. The stacked tubes were centrifuged on a benchtop microcentrifuge at 20,000 x g for 2 min at room temperature to push the gel through the holes into the 2-ml tube. 300 µl 0.3 M NaCl (Illumina, Inc.) was added to the SRA gel debris in the 2-ml tube and the RNA was eluted by rotating the tube gently at room temperature for 4 h. The eluate and the gel debris were transferred to the top of a Spin-X cellulose acetate filter (Illumina, Inc.). The filter was then centrifuged on a benchtop microcentrifuge at 20,000 x g for 2 min at room temperature. 1 µl glycogen in solution (10 mg/ml; Illumina, Inc.) and 750 µl 100% ethanol (Sigma-Aldrich) were added to the Spin-X tube at room temperature followed by incubation at -80˚C for 30 min. The Spin-X tube was then centrifuged on a microcentrifuge at 20,000 x g and 4˚C for 25 min. The supernatant was discarded and the pellet washed with 750 µl 75% ethanol (Sigma-Aldrich) at room temperature. The supernatant was discarded and the pellet was air-dried. The RNA pellet was resuspended in 5.7 µl ultra pure water (Illumina, Inc.).
Ligation of the 5' and 3' adapter.
The microRNA was transferred into a 200-µl PCR tube. 1.3 µl SRA 5' adapter, 1 µl 10X T4 RNA ligase buffer, 1 µl of RNase inhibitor and 1 µl T4 RNA ligase, all purchased from Illumina, Inc., were added to each tube of PAGE gel-isolated microRNA. The starting volume of microRNA was 5.7 µl. Samples were incubated at 20˚C for 6 h on a thermal cycler and kept at 2-8˚C overnight. The reaction was terminated by adding 10 µl SRA gel loading dye. The 15% TBE-urea gel was run, the band of the gel corresponding to the 40-60 nucleotide bands in the marker lane was excised, and the sample RNA was isolated according to the aforementioned method. The RNA pellet was resuspended in 6.4 µl ultra pure water.
The small RNA was transferred into a 200-µl PCR tube. 0.6 µl SRA 3' adapter (Illumina, Inc.), 1 µl 10xT4 RNA ligase buffer, 1 µl RNase inhibitorand, 1 µl T4 RNA ligase were added to each tube of the PAGE gel-isolated microRNA. The starting volume of the microRNA was 6.4 µl. Samples were incubated at 20˚C for 6 h on a thermal cycler and held overnight at 2-8˚C. The reaction was terminated by adding 10 µl SRA gel loading dye. The 15% TBE-urea gel was run, the band of the gel corresponding to the 70-90 nucleotide bands in the marker lane was excised, and the sample RNA was isolated according to the previous method. The RNA pellet was resuspended in 4.5 µl ultra pure water.
Reverse transcription (RT) and polymerase chain reaction (PCR) amplification. 5 µl purified 5' and 3' ligated RNA and 0.5 µl SRA RT primer (Illumina, Inc.) were combined in a sterile RNase-free 200-µl microcentrifuge tube. The mixture was heated at 65˚C on a thermal cycler for 10 min and the tube was placed on ice. 2 µl 5X First Strand buffer (Illumina, Inc.), 0.5 µl 12.5 mM dNTP Mix (Illumina, Inc.), 1.0 µl 100 mM dithiothreitol (Promega, Maddison, WI, USA) and 0.5 µl RNase inhibitor were added to the sample. The sample was heated on the thermal cycler to 48˚C for 3 min, and 1 µl SuperScript II Reverse Transcriptase (Invitrogen Life Technologies) was then added. The total volume was now 10 µl. The sample was incubated on the thermal cycler at 44˚C for 1 h. 40 µl PCR master mix (Illumina, Inc.) was added into a sterile, nuclease-free 200-µl PCR tube. 10 µl single strand reverse-transcribed cDNA was added. The PCR amplification was run on a thermal cycler using the following PCR conditions: 30 sec at 98˚C; 10 sec at 98˚C, 30 sec at 60˚C, 15 sec at 72˚C, and repeat for 15 cycles; 10 min at 72˚C; Hold at 4˚C.
Purification and test of the cDNA profile. Two lanes of a 6% PAGE gel (Invitrogen Life Technologies) were loaded with 25 µl of mixed amplified cDNA construct each and loading dye. The gel was run for 30-35 min at 200 V. A ~140-bp band was excised from the sample lanes and the sample cDNA was isolated according to the aforementioned method. The pellet was resuspended in 10 µl resuspension buffer (Illumina, Inc.).
The product was tested by using the KAPA Library Quantification kit (KAPA Biosystems, Woburn, MA, USA). Eligibility criteria for quantitative PCR were that the concentration was >1 nM and that no dimer pollution was present.
High-throughput sequencing. The purified DNA was sequenced by an Illumina HiSeq 2000 Sequencer (Illumina, Inc.) according to the manufacturer's instructions. Then the raw data generated by the sequencer were processed to produce digital-quality data. The sequencing quality was evaluated, and the length distribution of the microRNA reads was calculated. Then adapter, low quality reads, reads <18 nt as well as reads for non-coding, ribosomal, transfer, messenger, small nuclear and small nucleolar RNAs were eliminated. Finally, clean reads were compared with miRBase 18.0, as previously described (13) and the total copy number of each sample was normalized to 100,000.
Statistical analysis. The samples were divided into three groups. Each group contained one ONFH patient, one matched SLE control and one healthy control. A chi-squared test was performed to compare the microRNA expression difference of the ONFH patient with that of the SLE control and healthy control, respectively, in each group. SPSS 16.0 software (SPSS, Inc., Chicago, IL, USA) was used for statistical analyses. P<0.05 was considered to indicate a statistically significant difference between values. The candidate microRNAs were screened out when they were differentially expressed in all of the three groups and the trend of the expression was consistent.
Results
Profiles of microRNA cDNA. Following reverse transcription, a band of gel corresponding to the 140 nucleotide bands in the marker lane was excised and used for isolation of the sample cDNA (Fig. 1) .
The profiles were evaluated by quantitative PCR and the results demonstrated that the profiles were eligible for high-throughput sequencing (Table I) .
Results of high-throughput sequencing. Raw data were obtained following sequencing. Clean reads were gained following subsequent analysis. From these data, a length distribution was generated according to the distribution of the clean reads (Fig. 2) .
Twenty seven candidate microRNAs were screened out from ONFH serum. Fifteen microRNAs, including miR-423-5p, miR-3960, miR-195-5p, miR-15b-3p and miR-1304-3p, were over-expressed. Twelve microRNAs, including miR-100-5p, miR-99a-5p, miR-532-5p, miR-140-5p, miR-10a-5p, miR-10b-5p, miR-181c-5p and miR-433, were under-expressed in ONFH serum compared with SLE controls and healthy controls (Fig. 3) .
Discussion
Lawrie et al (14) firstly described circulating microRNAs and found that microRNAs may have potential as non-invasive diagnostic markers. Another study reported that serum microRNAs were resistant to RNase A digestion and remained stable when serum was treated for 3 h at low (1) or high (13) pH. Expression levels of serum microRNAs were reproducible and consistent among individuals (15) . This feature has laid the foundation for using circulating microRNAs in disease diagnosis.
In the last five years, most of the studies on circulating microRNA were focused in the field of oncology (16) (17) (18) . MicroRNAs-21, 92, 93, 126 and 29a were significantly over-expressed in the serum of cancer patients compared to those of controls (19) . Gradual elevation of circulating let-7a, let-7f, miR-34a, miR-98, miR-331, miR-338 and miR-652 with progression of hepatocarcinogenesis was demonstrated (20) . Levels of let-7a, let-7f and miR-98 significantly increased in the serum of rats even at very early stages according to the RT quantitative PCR analysis (20) . This showed the possibility of serum microRNAs being used for the diagnosis and monitoring of the progress of tumor development.
However, to the best of our knowledge, the correlation of circulating microRNAs with ONFH has not been reported.
The present study first measured the serum levels of microRNAs in patients with steroid-induced ONFH. Levels of 27 microRNAs were found to be significantly changed in steroid-induced ONFH patients. Several of these microRNAs were involved in the regulation of apoptosis, cell proliferation and differentiation of stem cells in accordance with other previous studies.
Apoptosis-associated microR NAs. miR-195-5p and miR-15b-3p are members of the miR-15/16 family, while the miR-15/16 family has an important regulatory role in apoptosis. Xia et al (21) found that overexpression of miR-15b or miR-16 sensitized multidrug-resistant gastric cancer SGC7901/VCR cells to vincristine-induced apoptosis and reduced B-cell lymphoma 2 (Bcl-2) protein levels. This study suggested that miR-15b and miR-16 may be involved in the modulation of apoptosis via targeting Bcl-2. Another study found that upregulation of miR-15 family members may participate in hypoxia-induced cardiomyocyte cell death, and that underexpression of miR15 family members reduced hypoxia-induced myocardial cell death (22) . By comparing levels of miR-195 in colorectal cancer tissues and matched non-neoplastic mucosa tissues, Liu et al (23) found that miR-195 was downregulated in cancer tissues. Anti-apoptotic Bcl-2 was directly targeted by miR-195, and restoration of miR-195 could promote cell apoptosis and suppress tumorigenicity (23) .
In this study, serous levels of miR15b-3p and miR195-3p were upregulated in patients with steroid-induced ONFH, compared with those in the control group. The apoptosis-promoting effect of miR15 and the miR195 may be involved in the process of femoral head necrosis; however, this hypothesis remains to be confirmed by further experimental studies.
Cell proliferation-associated microRNAs. The miR-10 family was reported to participate in regulating the proliferation of neuroblastoma cells (24) and smooth muscle cells (25) , and promoting the differentiation of endoderm cells into liver cells (26) . In addition, miR-10a was shown to be involved in the regulation of kidney development alongside miR-106b and Figure 2 . The proportion of 18-20-bp clean reads was higher in the ONFH group than that in the other two groups, while the proportion of 22-24-bp clean reads was lower in the ONFH group than that in the other two groups, suggesting ONFH contained different microRNA clean reads compared with the other two groups. ONFH, osteonecrosis of the femoral head; SLE, systemic lupus erythematosus; NOR, control. In all cases, the concentration was >1 nM. All of the profiles were eligible for high-throughput sequencing. ONFH, osteonecrosis of the femoral head; SLE, systemic lupus erythematosus; NOR, control.
miR-17-5p. The absence of these microRNAs caused kidney failure prior to maturity, concurrent with cell apoptosis and increased expression of pro-apoptotic protein (27) . In pancreatic cancer cells, miR-10a was also highly expressed, and may participate in the invasion of pancreatic cancer by inhibiting homeobox A (Hoxa)1 (28) . The upregulation of miR-10b promoted the migration of microvascular endothelial cells (HMEC-1) and angiogenesis (29) . miR-10b was also strongly upregulated in low-grade and high-grade gliomas, and inhibition of miR-10b reduced glioma cell growth by cell-cycle arrest and apoptosis (30) . All these studies indicated the role of miR-10a and miR-10b as positive regulators of cell proliferation and differentiation. Meanwhile, in the present study, downregulation of miR-10a and miR-10b was detected in the serum of ONFH patients, which may inhibit cell proliferation, differentiation and angiogenesis. This may finally lead to the occurrence of ONFH.
Mesenchymal stem cell differentiation-associated microRNAs.
Transforming growth factor-β (TGF-β) has a crucial role in tissue regeneration, cell differentiation and embryonic development (31) . TGF-β inhibited the expression of the core-binding factor alpha 1 (Cbfa1) and osteocalcin genes, which was mediated by Smad3. This repression occurred in mesenchymal cells and provided a central regulatory mechanism for the inhibition of osteoblast differentiation by TGF-β (32). In addition, Runtrelated transcription factor 2 (Runx2)/Cbfa1/acute myeloid leukemia 3 are important transcription factors which regulate osteoblast differentiation (33) (34) (35) and cell function (36) . Mice with knockout of Runx2 lacked osteoblasts and presented with bone development disorders (33, 34) . Hjelmeland et al (37) found that dermal fibroblasts acquired an osteoblast-like phenotype in the absence of Smad3 and that negative regulation of Runx2 activity by Smad3 in dermal fibroblasts prevented differentiation of mesenchymal lineages toward the osteoblastic lineage (37). Therefore, Smad3 is a key protein, which regulates osteogenic differentiation of mesenchymal stem cells. Pais et al (38) identified Smad3 as a direct miR-140 target and miR-140 suppressed the TGFβ and Runx2 pathway through targeting Smad3, which resulted in promoted osteogenic differentiation of mesenchymal stem cells (38) . In the present study, the expression of miR-140 was downregulated in patients with osteonecrosis of the femoral head. Decreased miR-140 may inhibit the differentiation of mesenchymal stem cells into bone and therefore participate in the occurrence of osteonecrosis.
Another noteworthy finding of the present study was that the serous levels of miR-3960 in ONFH patients increased significantly. Another recent study showed that miR-3960 targeted at Hoxa2, a repressor of Runx2 expression, and regulated osteoblast differentiation through a regulatory feedback loop with Runx2, miR-3960 and miR-2861. Overexpression of miR-3960 promoted bone morphogenetic protein 2-induced osteoblastogenesis, while the inhibition of miR-3960 expression attenuated the osteoblastogenesis (39) . In the present study, the expression of miR-3960 in ONFH patients increased significantly, which suggested there may be a compensatory mechanism to promote osteoblast differentiation, while osteogenic differentiation of mesenchymal stem cells was inhibited in ONFH patients. However, this likely compensation may fail to reverse the process of osteonecrosis of the femoral head. Certainly this hypothesis still requires to be tested.
In conclusion, the present study showed that abnormally expressed microRNAs existed in the serum of patients with ONFH. Through further research, characteristic microRNAs were identified as potential markers for the early diagnosis of ONFH. The dysregulation of microRNAs may inhibit cell proliferation, osteoblast differentiation and promote apoptosis, but its exact role in the pathogenesis of ONFH remains to be elucidated. The role of microRNAs will be further clarified by ongoing and future studies.
